We propose a simple illustrative axi-symmetric model of the plasma flows and currents that occur in Saturn's polar ionosphere which are due both to internal magnetospheric plasma processes and the solar wind interaction. The features of the model are based on previous physical discussion, of kR. The latter emissions occur in a ring of a few hundred km latitudinal width at ~13° colatitude, which we thus associate with Saturn's main auroral oval. However, by far the most important energy input to the polar upper atmosphere is due to Joule heating by the ionospheric Pedersen currents, which we estimate as typically several mW m -2 poleward of ~20° co-latitude.
Abstract.
We propose a simple illustrative axi-symmetric model of the plasma flows and currents that occur in Saturn's polar ionosphere which are due both to internal magnetospheric plasma processes and the solar wind interaction. The features of the model are based on previous physical discussion, of kR. The latter emissions occur in a ring of a few hundred km latitudinal width at ~13° colatitude, which we thus associate with Saturn's main auroral oval. However, by far the most important energy input to the polar upper atmosphere is due to Joule heating by the ionospheric Pedersen currents, which we estimate as typically several mW m -2 poleward of ~20° co-latitude.
The overall Joule powers are estimated to be ~2 TW on both open and closed field lines in each hemisphere, thus representing a very significant energy input to Saturn's thermosphere, more than an order of magnitude larger than the globally-averaged solar input. Joule heating is thus likely to make a significant contribution to an explanation of why Saturn's thermosphere is observed to be hot, ~400-600 K, compared with less than ~200 K expected on the basis of solar heating alone.
Introduction
Recent work on Saturn's coupled solar wind-magnetosphere-ionosphere-thermosphere system has been stimulated both by the recent availability of new information on auroral emissions using data from both space-and ground-based telescopes, and also by the prospect of new in situ data from the Cassini space mission, due for orbit insertion at Saturn in July 2004. Following the first detections of ultra violet (UV) auroral emissions in Saturn's polar regions during spacecraft fly-by missions [Judge et al., 1980; Broadfoot et al., 1981; Sandel and Broadfoot, 1981; Sandel et al., 1982; Shemansky and Ajello, 1983] , and in data from the IUE spacecraft [Clarke et al., 1981; McGrath and Clarke, 1992] , images of increasing resolution and sensitivity have been obtained by a series instruments on the Hubble Space Telescope (HST) [Gérard et al., 1995; Trauger et al., 1998; Cowley et al., 2004] . These observations show that the FUV auroral emissions, which are due to keV electron impact on Saturn's hydrogen atmosphere, generally take the form of a narrow ring around each pole located at ~15˚ co-latitude, whose intensity varies with both universal time and local time over the range ~1 kR (the threshold of the most recent observations) to ~100 kR.
Intensities appear to peak in the pre-noon sector, and are generally stronger at dawn than at dusk.
Infra red (IR) emissions from the ionospheric H 3 + ion have also been detected using ground-based telescopes [Geballe et al., 1993] , and have been shown to be mainly auroral in nature [Stallard et al., 1999] . Most recently, Stallard et al. [2004] have used the Doppler shift of these emissions to
show that the polar ionosphere significantly sub-corotates relative to the planet, with angular velocities of ~20-40% of the planetary angular velocity.
In parallel with these observational developments, theoretical work has also been in progress considering the origins of the auroral emissions, and their implications for the nature of Saturn's plasma environment. It is generally assumed from their bright, 'discrete', and variable nature that the UV emissions are associated with a system of field-aligned currents which flow between the magnetosphere and ionosphere, specifically with regions of upward-directed field-aligned current where accelerated magnetospheric electrons precipitate into the ionosphere. Such current systems flow when plasma momentum is transferred between these plasma regions, resulting from their coupling through the planetary magnetic field. Two basic systems of momentum transfer and current flow may be envisaged. The first is that produced through the interaction between the solar wind and the magnetosphere, as at Earth (see e.g. Paschmann et al. [2003] and references therein).
The second is associated with the pick-up and radial transport of plasma produced internally from moon surfaces and ring material within the magnetosphere [Johnson et al., 1989; Pospieszalska and Johnson, 1991; Richardson, 1992; Richardson et al., 1998 ], leading to significant sub-corotation of the plasma, as at Jupiter (see e.g. Cowley and Bunce [2001] and , and references therein). No dynamical models of plasma production, transport, and sub-corotation have yet been developed for Saturn as they have for Jupiter [e.g. Hill, 1979 [e.g. Hill, , 2001 Pontius, 1997; Cowley et al., 2002; Nichols and Cowley, 2004] , but plasma angular velocity observations are available from the Voyager Saturn fly-bys which provide an empirical guide [Richardson, 1986 [Richardson, , 1995 Richardson and Sittler, 1990] . have used these observations to derive an empirical model of the plasma angular velocity in Saturn's inner and central equatorial magnetosphere, and have mapped these flows into Saturn's ionosphere along model magnetic field lines to derive the pattern of field-aligned currents which are associated with sub-corotation of the plasma on closed magnetospheric field lines. The calculation employed a value of the 'effective'
ionospheric Pedersen conductivity (see later) of ~1 mho, estimated by from an analysis of Voyager fly-by azimuthal magnetic field data. The calculation showed that the region of upward current associated with plasma sub-corotation is both too weak (peaking at ~10 nA m -2 at ionospheric heights) and occurs at too large a co-latitude (~20˚) to account for the observed UV emission. They thus suggested that the alternative solar wind explanation should be explored more fully.
This suggestion has been taken up by Cowley et al. [2004] , whose semi-quantitative discussion led to the picture of equatorial magnetospheric and corresponding ionospheric flows in Saturn's system shown in Fig. 1 . Figure 1a shows the proposed pattern of equatorial flows, consisting of three basic regions. In the inner and central regions, plasma production and transport from internal sources causes the plasma angular velocity to fall away from near-rigid corotation close to the planet, to values of ~50-60% of rigid corotation at equatorial distances of ~10-15 R S , as observed by the Voyager spacecraft (the 'sub-corotating region' in Fig. 1a ). R S here is Saturn's equatorial radius, taken to have the conventional value 60,330 km, and we note for purposes of scale in Fig. 1a that the distance to the subsolar magnetopause is ~20 R S . This fall from near-rigid corotation in the inner magnetosphere to significant sub-corotation in the central region, is the behaviour whose consequences were modelled by . Beyond this in the equatorial plane we then hypothesise the existence of a region where the planetary plasma is lost by plasmoid-ejection down the dusk tail, as first discussed for Jupiter by Vasyliunas [1983] (the 'Vasyliunas cycle' flow).
At largest distances adjacent to the magnetopause, we then have plasma flows driven by the solar wind interaction, specifically by reconnection at the magnetopause and in the tail, as first discussed for Earth by Dungey [1961] (the 'Dungey-cycle' flow). In the latter process, flux tubes reconnect with interplanetary field lines at the dayside magnetopause, are carried over the pole (out of the plane of the equatorial diagram) by the solar wind flow, and are stretched into a long magnetic tail.
In Saturn's magnetosphere we hypothesise that they reconnect in the tail again and flow back to the dayside preferentially in the dawn magnetosphere, as shown in Fig. 1a , both due to the Vasyliunascycle outflow into the dusk sector of the tail, and to the action of the corotational atmospheric torque resulting from ion-neutral collisions at the feet of the field lines. Cowley et al. [2004] suggested that the plasma angular velocity in the equatorial Dungey-cycle 'return' flow and
Vasyliunas-cycle region may exceed those in the outer 'sub-corotating region', particularly on the dawn side, due to the loss of planetary plasma on these field lines in the reconnection processes involved. It is noted that the Voyager plasma data are indeed suggestive of an increase in plasma angular velocity in a layer several R S wide adjacent to the dayside magnetopause. However, this effect was not included in the model calculations presented by . al. [2004] suggested that the flow consists of a slow ~200 m s -1 anti-sunward motion driven by the solar wind, combined with a strongly sub-corotational circulation (~30% of rigid corotation) driven by the atmospheric torque, which tends to twist the tail lobe flux tubes [Isbell et al., 1984] . This suggestion is thus entirely consistent with the observed sub-corotation in the polar region reported
by Stallard et al. [2004] . With increasing latitude, therefore, the plasma angular velocity thus first drops from near-rigid corotation at the outer boundary of Fig. 1b (which is intended to correspond to ~30° co-latitude, mapping to ~3 R S in the equatorial plane) to ~50-60% of rigid corotation at ~15°-20°, as modelled by . It then increases again to perhaps ~80% of rigid corotation in the Vasyliunas-cycle ring and Dungey-cycle return flows, particularly on the dawn side, before falling again to perhaps ~30% of rigid corotation on open field lines in the polar cap.
As outlined by Cowley et al. [2004] , these flows then give rise to a four-region pattern of fieldaligned currents, shown in Fig. 1b by the circled dots and crosses, which indicate upward and downward field-aligned currents respectively. These currents are determined by consideration of the divergence of the horizontal ionospheric Pedersen current driven by the flow, in which it is recalled that the electric field driving the current is that specifically in the rest frame of the neutral atmosphere, and that the neutral atmosphere itself is rotating at a greater angular velocity than the plasma throughout the region shown. A Pedersen current is thus driven towards the equator in each hemisphere, whose strength is proportional to the departure of the plasma from rigid corotation with the planet, and to the distance from the axis of rotation. With this in mind, it follows that with increasing latitude from the outer boundary in Fig. 1b , an upward current flows in the region where the plasma angular velocity increasingly departs from rigid corotation at lower latitudes, as shown by the lower latitude region of circled dots, and that this then reverses to downward current at higher latitudes particularly where the angular velocity increases in the Vasyliunas-cycle and Dungey-cycle return flows, as shown by the ring of circled crosses. A narrow region of strong upward field-aligned current then marks the transition into the polar cap, where the plasma angular velocity falls precipitately once more, followed by a region of distributed downward currents which flow in the region of open field lines in the polar cap. Cowley et al. [2004] suggested that it is the latter region of upward field-aligned currents, flowing at the open-closed field line boundary, that results in the formation of Saturn's main auroral oval.
As indicated above, of the latter regions and currents, only the lowest-latitude region of subcorotating plasma and associated upward field-aligned current was modelled quantitatively by . The purpose of this paper is then to extend this illustrative model to cover the high-latitude ionosphere at all latitudes up to the pole. The model is based on the semiquantitative physical discussion of Cowley et al. [2004] , but also using Voyager plasma data as an empirical guide on closed field lines, and the results of Stallard et al. [2004] on open field lines.
Theoretical background
In order to quantify the plasma flows, currents, and related auroral precipitation in Saturn's polar ionosphere, four theoretical ingredients are required. The first is a model of the magnetospheric plasma flows on open and closed field lines, as discussed above. The second is a model of the magnetic field required to map these flows (e.g. those observed in the near-equatorial magnetosphere by the Voyager spacecraft) into the polar ionosphere. The third is a measure of the ionospheric conductivity, possibly modified by the presence of winds in the neutral upper atmosphere induced by ion-neutral collisions, required to calculate the field-perpendicular ionospheric currents, and from their divergence the field-aligned currents. The fourth is a theoretical model which allows the calculation of the properties of precipitating accelerated electrons in regions of upward field-aligned current. In this section we discuss the last three of these topics. The first, modelling of the magnetospheric plasma flows, will be discussed in the Section 3.
The principal simplification made in the calculations presented here is that the magnetic field and plasma flows are taken to be symmetric about the spin axis of the planet. As we will show below, this is a sufficient approximation to capture the basic variations of the plasma flow, currents, and precipitation with latitude, thus allowing these properties to be quantified. However, some features anticipated in Fig. 1 will not then be represented in the model calculations, specifically the variation of the co-latitude of the boundary of open and closed field lines with local time, which reflects both day-night and dawn-dusk asymmetries in the magnetospheric magnetic field, and the local time asymmetries associated with the Vasyliunas-and Dungey-cycle flows. The model presented here is thus configured primarily to reflect conditions in the noon and dayside sector, though it should be illustrative of the basic behaviour at all local times. In addition, given that the gradients in physical quantities are expected to be primarily latitudinal at all local times, the parameters of the model presented here can also be modified to represent conditions in other local time sectors as well.
Given the axi-symmetric approximation, the development of the underlying theory then follows that presented previously for the lower-latitude sub-corotating regime by , such that only a brief outline of the essential features is needed here. We begin with the model for the magnetic field, which is required to map the plasma angular velocities observed by the Voyager spacecraft from their point of observation in the near-equatorial magnetosphere into the ionosphere.
This is taken to consist of two components. The first is the spin axis-symmetric SPV model of the planet's internal field [Davis and Smith, 1990] , which consists of dipole, quadrupole, and octupole terms. The second is the field of a similarly axi-symmetric magnetospheric ring current, flowing between 8 and 15.5 R S in the equatorial plane, obtained from a fit to Voyager magnetic field data by Connerney et al. [1983] (see also where r is the distance from the planet's centre, θ is the co-latitude angle measured from the northern pole, and ϕ is the azimuth angle. The surface F = constant then defines an axi-symmetric shell of field lines passing from the northern to the southern ionosphere, via the equator. In order to map from some magnetospheric point to the ionosphere, therefore, we simply compute the flux function at that point, and solve F = F i , where F i is the flux function in the ionosphere.
In Fig. 2 we plot the model flux function versus radial distance in the equatorial plane r e (normalised to R S ) (Fig. 2a) , and versus co-latitude in the ionosphere θ i (Fig. 2b) , taken from
Cowley and Bunce [2003] . The absolute value of F is specified by taking F = 0 on the axis of symmetry. In Fig. 2a the solid line shows the flux function of the total field, while the dot-dashed line shows that of the planetary field alone, essentially that of the dipole over the range displayed.
The enhanced values of F at a given radial distance in the full model reflect the radial extension of the field lines due to the ring current, which flows in the region between the dotted vertical lines in the figure. Observed dayside magnetopause positions on the three fly-bys which have occurred to date, by Pioneer-11 and Voyager-1 and -2, vary in radial distance between ~17 and ~24 R S [Smith et al., 1980; Behannon et al., 1983] . Here we will therefore take a subsolar magnetopause distance of 20 R S , corresponding to a value of the flux function of ~1526 nT R S 2 . In Fig. 2b are comparable to the co-latitude of the dayside UV aurora observed using the HST, which lie typically in the range ~12°-15° [Trauger et al., 1998; Cowley et al., 2004] . As an independent check, the location of the boundary can also be estimated by considering the amount of open flux in the lobes of the magnetic tail. Using nightside outbound data from the Voyager-1 spacecraft, Ness et al. [1981] derived co-latitudes of ~11˚-15˚ on this basis, consistent with the estimates made here.
The angular velocity of the magnetospheric plasma can then be mapped into the ionosphere using the magnetic model, from which the electric field in the neutral atmosphere rest frame, E i , and the height-integrated Pedersen current intensity, i P , can be calculated. The latter is given by
where Σ P is the height-integrated Pedersen conductivity of the ionosphere, i ρ is the perpendicular distance of the conducting layer from the magnetic (spin) axis, Ω S * is the angular velocity of the neutral atmosphere in the Pedersen layer (possibly reduced from rigid corotation at the planetary angular velocity Ω S due to ion-neutral frictional drag), ω is the angular velocity of the plasma, and Huang and Hill [1989] in the jovian context), we may write for some 0 < k < 1 (whose value is at present uncertain)
such that the Pedersen current can be written as
where Σ P * is the 'effective' value of the height-integrated Pedersen conductivity
reduced from the true value Σ P by the factor ( )
, representing the 'slippage' of the neutral atmosphere from rigid corotation. Neither the values of k nor Σ P are well known at present.
However, have made an empirical estimate specifically of the 'effective' conductivity value Σ P * , by examining the azimuthal perturbation fields observed in Saturn's magnetospheric magnetic field that are produced by the observed sub-corotation of the magnetospheric plasma. They showed that the observed fields are consistent with an effective
Pedersen conductivity of ~1-2 mho. In this paper we shall therefore take a constant value of 1 mho as a simple assumption, such that the currents we derive can be simply linearly scaled for other choices.
From the Pedersen current intensity we can also derive the Joule heating rate per unit area in the Pedersen layer, p J , which is potentially important for the thermal structure of the upper atmosphere.
From Eqs. (1)- (4), this is given by
It can thus be seen that the Joule power per unit area depends not only on the parameters defined above, but also explicitly upon the essentially unknown parameter k, defined by Eq. (2). In the results below, therefore, we simply show plots of the Joule heating rate parameter
which is thus larger than the true heating rate by the factor ( )
nevertheless provide a reasonable estimate of the Joule heating rate provided the value of k is not too close to unity, i.e. provided the slippage of the neutral atmosphere relative to rigid corotation is not by too large a factor. We note that if the expression for i P from Eq. (3) is substituted into Eq. (6), we find that * J p is linearly proportional to Σ P * for a given flow model.
We also wish to calculate the field-aligned currents which connect the ionospheric and magnetospheric currents. To do this we first multiply the field-perpendicular Pedersen current intensity given in Eq. (3) by a factor of order unity to account for the fact that the ionospheric magnetic field is not exactly perpendicular to the conducting layer, thus forming the 'horizontal'
Pedersen current intensity
where α i is the angle of the planetary magnetic field to the local vertical in the Pedersen layer.
increases slowly with co-latitude from unity at the pole where the field is vertical, to ~1.03 at 15° and ~1.3 at 30°, the value being slightly higher in the north than the south. The
Pedersen current intensity is thus modified only by a modest factor due to this effect. We then integrate this 'horizontal' ionospheric current in azimuth to find the total equatorward current flowing at a given latitude
and then differentiate this with respect to co-latitude to determine the field-aligned current density just above the ionosphere 
where ds i is an element of path length in the ionosphere along a line of given longitude from the pole towards the equator (see for further details). Positive values of i j || then correspond to upward currents, and negative values to downward currents. With regard to the Hall currents, we note that in our axi-symmetric approximation, these flow eastward around the pole and close wholly in the ionosphere, thus making no contribution to the field-aligned current density.
We now suppose that the upward currents are carried by precipitating magnetospheric electrons, and consider the conditions under which acceleration by field-aligned electric fields are required.
The maximum current density that can be carried by magnetospheric electrons without field-aligned acceleration is
where the magnetospheric electron population has been assumed to be an isotropic Maxwellian of density N and thermal energy W th (= kT) , and e and m e are the electron charge and mass respectively. Equation (10) corresponds to the case of a full downward-going loss-cone, and an empty upward-going loss-cone. The corresponding precipitating electron energy flux is
If the upward current required by Eq. (9) is larger than 0 ||i j given by Eq. (10), then a field-aligned voltage must be present to accelerate the magnetospheric electrons into the ionosphere. According to kinetic theory due to Knight [1973] , the minimum field-aligned voltage which must be present is given by
this value being appropriate if the 'top' of the voltage drop is located at a radial distance well above the minimum value given by
where R i is the radial distance of the ionospheric current layer. In Eq. (13) we have assumed as a sufficient approximation that the field strength drops as the inverse cube of the radial distance along the polar field lines, corresponding to the planetary dipole field. The enhanced precipitating electron energy flux corresponding to Eq. (12) is then
following Lundin and Sandahl [1978] . Equations (12)- (14) will be used here to estimate the acceleration conditions and precipitating electron energy fluxes required in regions of upward current.
Plasma angular velocity profile, currents, and electron precipitation

Plasma angular velocity model
As indicated above, the form of the angular velocity model employed here is motivated by the physical ideas summarised in The maximum flux function value shown, 5500 nT R S 2 , corresponds to a radial distance of ~3.9 R S in the equatorial plane, and to ionospheric co-latitudes of ~26° in the north and ~28° in the south (see Fig. 2 ). It can be seen that the inbound Voyager-2 data extend up to the model (and actual) magnetopause, while the inbound Voyager-1 data begin somewhat inside, mapping to the equatorial plane at ~17 R S . The Voyager-1 data between the magnetopause and the latter point were omitted in the above publications due to uncertainties in the identity of the ion species in the outer magnetosphere in this case [Richardson, 1986] . The inbound data on both passes then extend inward to an equatorial radial distance of ~4 R S ( ≈ F 5000 nT R S 2 ). The Voyager-1 outbound data span mapped equatorial distances between ~4 and ~8 R S .
It can be seen from an ionospheric co-latitude of ~17° in the north and ~18° in the south (see Fig. 2 ). This is the subcorotation behaviour whose effects were modelled previously by .
Beyond this point, however, at smaller F on closed field lines, the angular velocities tend to increase again, to perhaps ~80% of rigid corotation near the magnetopause, though the Voyager-2 values in particular show significant scatter. In conformity with the discussion in the previous section, we suggest that these increased angular velocities may be the signature of the flux layer adjacent to the magnetopause which corresponds to the Dungey-cycle return flow and Vasyliunascycle flow (see Fig. 1a ). To represent this behaviour on closed field lines we use a similar model to that employed by , but modified to include the increase in angular velocity at small F values inside the magnetopause. The chosen function is ( F . The function adopted previously by was this expression but with F put equal to infinity in the second term, such that the angular velocity monotonically increased from ( ) (
. Two sets of function parameters were then chosen by to represent the Voyager-1 and -2 data separately. Here, however, we have instead sought one set of parameters which are motivated by the physics which we wish to represent, as outlined in Section 2, and which also give a reasonable overall representation of the main features of the data from both Voyager fly-bys. The chosen parameters are ( ) It can be seen in Fig. (3) , however, that Eq. (15) does not represent the 'dips' in angular velocity observed in Voyager-1 data (but not in Voyager-2 data), which occur in the vicinity of 3250 ≈ F and 2700 nT R S 2 , corresponding to distances of ~7 and ~10 R S in the equatorial plane. As previously pointed out by Richardson [1986] , these 'dips' are located just outside the orbits of the moons Dione and Rhea, which orbit in the equatorial plane at distances of 6.25 and 8. 
The dotted line shown in Fig. 3 show results both with and without inclusion of these 'dips', since they appear to be an intermittent feature of the flow.
Equations (15) and (16) Isbell et al. [1984] have shown that the former of these flows takes place at a uniform angular velocity given by however, for simplicity we will ignore this effect, and just take a sub-corotational flow of 30% of rigid corotation within the polar cap, as a round value which is consistent both with Eq. (17) and the results of Stallard et al. [2004] .
It will be noted from the dot-dashed line plotted in Fig. (3) that Eq. (15) 
This expression is such that, for small values of (15) and (18), is then shown by the solid line in Fig. 3 , with the effect of the 'dips'
given by Eq. (16) being indicated, as indicated above, by the dotted lines.
In Fig. 4 we show our plasma angular velocity model mapped both into the equatorial plane and into the ionosphere. In the equatorial mapping in Fig. 4a , the solid line shows the angular velocity given by Eq. (15) alone, plotted versus equatorial radial distance r e (normalised to R S ) out to the magnetopause at 20 R S . Near-rigid corotation is maintained in the equatorial plane to a radial distance of ~4 R S , beyond which the angular velocity falls monotonically to ~60% of rigid corotation at ~13 R S . The angular velocity then increases again, plateauing at ~80% of rigid corotation in a layer ~5 R S wide inside the magnetopause. We note that the transition to somewhat higher angular velocities in the outer magnetosphere coincides approximately with the outer edge of the ring current region, which extends to 15.5 R S in the equatorial plane in the Connerney et al. [1983] model determined from Voyager magnetic field data. The short-dashed line then shows the model with the inclusion of the 'dips', where the vertical dotted lines show for comparison the radial distances of the orbits of Dione and Rhea. These 'dips' are ~1.5-2 R S wide in the equatorial plane, and reach local minima of ~47% of rigid corotation at ~7.2 R S outside of Dione's orbit, and ~34% of rigid corotation at ~10.4 R S outside of Rhea's orbit.
In Fig. 4b we similarly show the plasma angular velocity mapped along field lines into the northern and southern ionospheres, and plotted versus co-latitude angle θ i with respect to the corresponding pole. The solid and long-dashed lines show the angular velocities in the northern and southern hemispheres, respectively, given by summing Eqs. (15) and (18) 19.1° and 21.1° in the south. The 'Dione' dip in the north thus occurs at essentially the same colatitude as the 'Rhea' dip in the south (with respect to the southern pole). These are the model ionospheric angular velocity profiles whose consequences for currents and particle precipitation will now be investigated.
Pedersen current and Joule heating
Given the angular velocity models shown in Fig. 4b , we can now use the theory outlined in Section 2 to calculate the Pedersen current flowing in the ionosphere, from which we can also estimate the Joule heating rate. In Fig. 5a we thus show co-latitude profiles of the equatorwarddirected height-integrated Pedersen current intensity given by Eq. (3), using the same line format as in Fig. 4b . It can be seen that within the open field line polar cap, the current intensity increases nearly linearly with the distance from the pole. This is due to the fact that at essentially constant angular velocity, the actual velocity of the plasma relative to that of the neutral atmosphere is proportional to distance from the magnetic (and spin) axis, hence so is the electric field and current. in the south, before declining continuously to small values at larger co-latitudes, as the plasma angular velocities increase towards rigid co-rotation. The effect of the angular velocity 'dips' is then to superimpose structured peaks in the current across the latter broad maximum of upward current on closed field lines. The current intensity in the 'Dione' and 'Rhea dips' peak at ~0.11 and ~0.12 A m -1 , respectively, in the north, and at ~0.095 and ~0.11 A m -1 in the south.
In Fig. (5b) 
Total horizontal current and field-aligned current
We now discuss the overall Pedersen current budget in the ionosphere associated with our flow model, and the consequences for the field-aligned current flow required by its divergence. In the ionosphere again at co-latitudes beyond the maximum as the plasma angular velocity increases towards rigid corotation. The effect of the angular velocity 'dips' is again to superpose structured peaks on the latter maximum, the current in these peaking at ~13.3 MA in the 'Rhea dip', and at ~12.7 MA in the 'Dione dip'. The variations of these horizontal currents thus also require downward then upward field-aligned currents to flow with increasing co-latitude, the total currents carried being ~6 MA.
The corresponding field-aligned current density is shown versus co-latitude in Fig. (6b) (Fig. 4b) . In the north, the downward current peaks at ~62 nA m -2 at ~15.5°, while in the south it peaks at ~50 nA m -2 at ~17.1°. The field-aligned current density (for the model without 'dips) then finally reverses sense to upward (positive) for colatitudes greater than 17.7° in the north and 19.5° in the south, where it rises to a maximum value of ~13 nA m -2 at ~20.5° in the north and ~11 nA m -2 at ~22.6° in the south, before falling to small values again at large co-latitudes. The upward current densities associated with sub-corotation on closed field lines are thus estimated to be more than an order of magnitude smaller than those which
occur at the open-closed field line boundary, despite the fact that the total upward current carried in the closed field regime is larger, ~7.3 MA compared with ~4.9 MA. This results from the fact that the area of the ionosphere carrying the former currents is much larger than that carrying the latter.
Inclusion of the angular velocity 'dips' then produces large-amplitude bipolar pairs of field-aligned currents centred on each 'dip', each current region being ~0.5° wide, with downward currents lying poleward of corresponding upward currents. As can be seen in Fig. (6b) , the current densities and latitude scales of these features are comparable to those at the open-closed field line boundary in the model, and are again somewhat weaker in the south than in the north due to the area effect. For example, for the 'Rhea dip' the peak upward and downward field-aligned current densities are ~125 and ~133 nA m -2 , respectively, in the north, and ~101 and ~107 nA m -2 in the south.
With regard to overall current continuity, we note that the field-aligned currents on closed field lines close in the magnetospheric plasma via field-perpendicular currents which are directed radially outward, such that they produce a B j × force on the plasma which accelerates it in the direction of planetary rotation. The current system therefore transfers planetary atmospheric angular momentum to the equatorial magnetospheric plasma. It can be seen in Fig. 6a al. [1984] ). The tailward-directed magnetopause currents then close via sunward-directed fieldaligned currents flowing to the polar ionosphere through the tail lobes.
Auroral electron acceleration and precipitated energy flux
We now consider the particle precipitation associated with the above current system, specifically the acceleration of magnetospheric electrons in regions of upward field-aligned current flow. In order to determine whether field-aligned acceleration is required, we compare the field-aligned current densities shown in Fig. 6b with the maximum that can be carried by precipitating electrons without acceleration. This limiting current density is given by Eq. (10), from which it can be seen that this depends on the density and thermal energy of the 'source' electron population in the magnetosphere. The radial dependence of these parameters within the closed field region of Saturn's magnetosphere has been determined by Richardson and Sittler [1990] and Richardson [1995] using Voyager plasma data, where the appropriate source population for our purposes is the 'hot' electron component, which is expected to extend isotropically along the field lines to the ionosphere. The 'cold' electrons, on the other hand, will largely be trapped electrostatically with the thermal ion population in the equatorial magnetosphere.
The Voyager data show that the 'hot' electrons become increasingly hot and more tenuous with increasing radial distance from the planet. For example, in the central magnetosphere where the peak upward currents flow on closed field lines, typical densities and thermal energies are ~0.2 cm -3 and ~150 eV respectively, as employed previously by . In the outer region in the vicinity of the magnetopause, however, values are variable but typically of order ~0.01 cm -3 and ~1 keV, as employed by Cowley et al. [2004] . Substituting into Eq. (10) Sittler et al., 1983] , again in conformity with Cowley et al. [2004] , to find a limiting current density of ~38 nA m -2 . In this case we again require field-aligned acceleration in the current region at the boundary.
When the limiting current density is exceeded, the minimum field-aligned voltage required to produce the upward current is given by Eq. (12). These voltages are shown in Fig. 7a , where we concentrate attention on the range of co-latitudes spanning the region where accelerated auroral electrons will be produced. The voltages associated with the upward current at the open-closed field line boundary are seen on the left of the figure, and have been computed both using the above outer magnetospheric electron source parameters (0.01 cm -3 and 1 keV), shown by the solid and dashed lines for the north and south respectively, and the boundary layer plasma source parameters to heights above ~0.5 planetary radii). On the right of the figure it can then be seen that the acceleration regions above the 'dip' currents need extend only to modest heights above the ionosphere, not exceeding ~0.25 planetary radii.
We now finally compute the energy flux associated with the precipitating accelerated electrons. This is of interest both with regard to the energy input into the upper atmosphere, alongside the Joule heating rate discussed above, and also with regard to the formation of auroras at far-ultra violet (FUV) wavelengths. The auroras are excited by primary and secondary electron impact on atmospheric atomic and molecular hydrogen, which produces photons of energy ~10 eV, corresponding to the atomic hydrogen Lyman lines and the molecular hydrogen Lyman and Werner bands. Taking an energy efficiency of ~15 % [Waite et al., 1982; Rego et al., 1994] assuming that half the current is carried by electrons from the outer magnetospheric source and half by boundary layer electrons from the magnetosheath, we find a total precipitating electron power of ~0.035 TW in the north and ~0.028 TW in the south. With ~15% efficiency, the FUV power from each hemisphere is then ~5 GW. We note that these powers in localised precipitating accelerated
electrons at the open-closed field line boundary are comparable with or larger in magnitude than the total power input do to unaccelerated magnetospheric electrons precipitating between the boundary and the inner part of the sub-corotating region on closed field lines, mapping to the ionosphere at a co-latitude of ~25° (0.025 TW as estimated above). However, the total precipitating electron power is still much smaller than the total integrated Joule heating rates of ~2.5 TW on open field lines and ~2.3 TW on closed field lines (~4.0 TW with 'dips') which were estimated above.
Summary
In this paper we have proposed a simple quantitative axi-symmetric model of the plasma flow and current in Saturn's polar ionosphere that result from the combined action of both internal magnetospheric processes and the interaction with the solar wind. The model flow has been motivated in form by the theoretical discussion of Cowley et al. [2004] , and guided quantitatively by Voyager plasma observations on closed field lines in the near-equatorial magnetosphere [Richardson, 1986; Richardson and Sittler, 1990] , and by remote sensing IR Doppler observations on open field lines in the polar cap [Stallard et al., 2004] . Three basic regions of plasma flow are represented. With increasing latitude from the equator these are as follows:
(i) A ~10° band of flow poleward of ~25° co-latitude, mapping to equatorial radial distances between ~4 and ~13 R S , where the angular velocities fall steadily with increasing latitude to ~60% of rigid corotation due to magnetospheric plasma production from internal sources (equatorward of this band the plasma near-rigidly corotates with the planet).
( Saturn's thermosphere, the total value of ~10 TW being more than an order of magnitude larger than the globally-averaged solar input of ~0.2-0.5 TW. Joule heating may thus substantially contribute to an explanation of why Saturn's thermosphere is observed to be significantly hotter than expected on the basis of the solar input alone, ~400-600 K compared with ~200 K. Our heating rates could, however, be reduced by modest factors if Saturn's neutral upper atmosphere 'slips' relative to rigid corotation due to ion-neutral frictional drag. They also depend, of course, on the value of the 'effective' Pedersen conductivity employed. By comparison, the total power of precipitating unaccelerated ~0.1-1 keV magnetospheric electrons in the closed field region from the open-closed field line boundary to ~25° co-latitude is estimated to be ~0.025 TW, it being shown that significant auroral acceleration is not generally required by the field-aligned current densities which we have estimated in this region. Similarly, these unaccelerated electrons are expected to produce negligible FUV auroral emission, of a fraction of a kR in intensity. However, a significant exception to these statements occurs at the open-closed field line boundary, where that portion of the upward field-aligned current which flows on closed field lines requires outer magnetospheric electrons to be accelerated through field-aligned voltages of ~10 kV, yielding electron energy fluxes which are locally enhanced by factors of a hundred compared with the 'background' values.
We estimate that this precipitation will produce a FUV aurora of a few tens of kR intensity in a region a few 100 km wide, and thus suggest that this corresponds to Saturn's main auroral oval emission. The total power associated with the accelerated electron precipitation is estimated to be ~0.03 TW in each hemisphere, with a corresponding UV output of ~5 GW. However, our model does not include the 'first order' local time asymmetries expected to be associated with the Dungey and Vasyliunas cycles, which will enhance the flow shear, current, and precipitation at the openclosed field line boundary at dawn compared with dusk, as discussed by .
Inclusion of these effects within the model remains for future work. 
